In the near future, neutrino telescopes are expected to improve their sensitivity to the flux of monochromatic neutrinos produced by dark matter (DM) in our galaxy. This is illustrated by a new limit on the corresponding cross section that we derive from public IceCube data. In this context, we study which DM models could produce an observable flux of monochromatic neutrinos from DM annihilations. To this end, we proceed in two steps. First, within a set of simple and minimal assumptions concerning the properties of the DM particle, we determine the models that could give rise to a significant annihilation into monochromatic neutrinos at the freeze-out epoch. The list of models turns out to be very limited as a result of various constraints, in particular direct detection and neutrino masses at loop level. Given the fact that, even if largely improved, the sensitivities will be far from reaching the thermal annihilation cross section soon, a signal could only be observed if the annihilation into neutrinos today is boosted with respect to the freeze-out epoch. This is why, in a second step, we analyze the possibility of having such a large enhancement from the Sommerfeld effect. For each scenario, we also compute the cross sections into other annihilation products and confront our results with experimental constraints. We find that, within our simple and minimal assumptions, the expectation to observe monochromatic neutrinos is only possible in very specific scenarios. Some will be confirmed or excluded in the near future because they predict signals slightly below the current experimental sensitivities. We also discuss how these prospects change by relaxing our assumptions as well as by considering other types of sharp spectral features. For the latter, we consider boxed-shaped and bremsstrahlung spectra and provide the corresponding limits from IceCube data.
In indirect searches of dark matter (DM) with photons or neutrinos from the galactic center, the experimental sensitivities to monochromatic signals-or more generally to sharp spectral features-are better than the ones to spectra characterized by a continuum. This is mostly due to the fact that sharp features can better be discriminated from the smooth background. The most recent searches for photon signals of this kind illustrate well this statement. For example, for a 100 GeV DM candidate in the Milky Way whose distribution is given by the Einasto profile, the Fermi-LAT collaboration reports an upper bound on the annihilation cross section into two photons given by σv DMDM→γγ < ∼ 2 × 10 −28 cm 3 /s [1] . In contrast, the search for the continuum of photons produced by the charged primary particles arising from 100 GeV DM annihilations in our galaxy reports upper bounds about four orders of magnitude weaker: e.g., σv DMDM→W W < ∼ 2 × 10 −24 cm 3 /s and σv DMDM→bb < ∼ 10 −24 cm 3 /s [2] . Similarly, for a 10 TeV DM candidate, the HESS collaboration reports σv DMDM→γγ < ∼ 10 −26 cm 3 /s [3] , whereas σv DMDM→W W < ∼ 2 × 10 −25 cm 3 /s and σv DMDM→bb < ∼ 10 −25 cm 3 /s [4] . The same situation holds if the photons arise from the decay of a DM particle. Even if the sensitivity is better for monochromatic photons, this does not mean that the search for continuum signals should not be pursued, since in many models the cross section into monochromatic photons is suppressed with respect to the production of other particles.
For neutrinos the situation is similar, up to a few differences which crucially depend on whether one considers decaying or annihilating DM. For decays, and for DM masses above a few TeV and up to ∼ 100 TeV, the sensitivities on the DM decay width into monochromatic neutrinos are close to those on the decay width into monochromatic photons [5] , rendering neutrino line searches especially interesting and competitive. At higher masses, there are no interesting bounds on DM decay into photons-in contrast to those provided by neutrino telescopes up to 10 5 TeV-and below few TeV, the neutrino sensitivity quickly becomes orders of magnitude weaker than for photons. For DM annihilations the situation is different, as the sensitivities reported for photons are orders of magnitude better than for neutrinos, unless the DM mass m DM lies above 70 TeV. For instance, for m DM = 100 GeV (10 TeV), the current upper bounds from galactic DM searches by IceCube [6, 7] give σv DMDM→νν < ∼ 0.5 × 10 −23 cm 3 /s ( < ∼ 4 × 10 −23 cm 3 /s) (assuming a NFW DM profile). These limits are orders of magnitude weaker than those given above for monochromatic photons. Also, neutrino telescopes currently only probe cross sections much larger than the thermal value σv f o ∼ 3 × 10 −26 cm 3 /s. This does not mean that one could not see a neutrino-line signal in the near future, but it does mean that one must look into specific models where the production of monochromatic photons is suppressed with respect to neutrinos. Moreover, the fact that the current sensitivity is far from reaching the thermal value does not mean that we could not see a signal but it means that we need to boost the production of neutrinos today with respect to the freeze-out epoch.
One must stress that this discussion crucially depends on the improvement in sensitivity that neutrino telescopes will be able to attain in the near future. As discussed in Section II, we can expect that these improvements will be important, even if still far from for reaching the thermal value. This of course highly motivates the analysis performed below.
In this context, the goal of this work is to quantitatively determine if neutrino telescopes can observe a signal from DM annihilations in the near future. To answer this question one first needs to determine the simple models that give rise to a significant annihilation into monochromatic neutrinos at the freeze-out epoch, see Refs. [8] [9] [10] for related studies. Then, among these models, we must determine which ones lead to an enhancement of the annihilation rate today. Here, we do not consider the possibility of large astrophysical boosts, such as considered in Ref. [10] .
Since doing this in full generality is not feasible 1 , we proceed in the following way. First, in Section III, we state a series of general assumptions concerning the simplicity of models under consideration. Besides the fact that we limit ourselves to DM particles with spin zero or one-half, these assumptions are: (i) DM is made of a single particle annihilating into neutrinos through the exchange of a mediator, (ii) the SU (2) L multiplets of the DM and the mediator are not larger than triplets, (iii) the relic density of the DM particle stems from the thermal freeze-out mechanism. Having made these simple assumptions, we then determine the models which give rise to a significant annihilation into neutrinos at the freeze-out epoch. This takes into account the following constraints: 1) DM annihilations must proceed via the s-wave (so that they are not suppressed today in DM halos), 2) DM direct detection and 3) the annihilation must not lead to too large neutrino masses. We will see that the list of models satisfying these constraints is very short. This list is compared to a similar one determined in Ref. [8] . In particular, we show that the criterion of not inducing too large neutrino masses at one loop considerably reduces the number of viable cases.
Subsequently, we discuss in Section IV and V the possibility that the annihilation into neutrinos today is boosted with respect to the freeze-out epoch, so that an observable flux of monochromatic neutrinos can be generated. Section IV focuses on models which can benefit from an electroweak Sommerfeld effect, whereas Section V considers the possibility of another source of Sommerfeld enhancement. We will compare the predicted cross section to the sensitivities of current telescopes. Given the fact that, in general, these models do not produce only neutrinos but also other cosmic rays-charged leptons in particular-, we also determine if these neutrino fluxes are compatible with the bounds existing on the production of these other cosmic rays. In Section VI we look at the possibility to further distinguish the various scenarios from the flavor composition of these fluxes.
These results naturally bring us to Section VII, where we discuss the possibility to produce observable monochromatic neutrino fluxes by going beyond the simple assumptions made in the previous sections. Before concluding in Section IX, we discuss in Section VIII the possibility of neutrino sharp spectral features other than lines: box-shaped and bremsstrahlung spectra. Appendices A and B are devoted to details on the Sommerfeld effect for Dirac triplets and scalar doublets, respectively.
II. LIMITS ON LINES
The possibility that DM could produce neutrinos has been explored previously in multiple contexts. Since neutrinos travel undeflected in astrophysical environments, observing them with sufficiently good angular resolution allows to infer where they were produced. Therefore, the non-observation of neutrinos coming from regions of the sky where DM is expected in large amounts constrains the properties of DM. In this work, we are interested in observing the neutrinos emitted through the annihilation of DM in DM halos. The relevant quantity probed in this way is the DM annihilation cross section into neutrinos.
2 Before looking at explicit models that could lead to an observable monochromatic signal, we shortly discuss in this section the state of the art of the experimental constraints on this cross section. Upper bounds on σv, the total DM annihilation cross section into neutrinos, as a function of the DM mass m DM . Given are the experimental 90% CL limits from IceCube 2014 [13] , from IceCube 2016 [7] , from Antares 2015 [14] , and those we derived at 95% CL from a 2-year public data sample of IceCube [15] following the approach considered in section II.C of Ref. [5] . Also given are the unitarity limit in our galaxy (excluding the shaded area) and the indirect "Hess (ν τ )" limit from the production of secondary gamma-rays through radiative corrections [16] . Here we assume self-conjugate DM. For complex or Dirac DM, the limits are a factor of two weaker.
Fig. 1 presents a compendium of the existing upper limits on the annihilation cross section σv, as a function of DM masses m DM ranging from 1 to 100 TeV. The cross section σv given on the vertical axis is defined as the sum of the cross sections into the various neutrino flavor final states, σv ≡ α,β=e,µ,τ σv ναν β . This definition is convenient because it is directly linked to the total neutrino flux, which does not depend on how neutrinos oscillate on their way to Earth. All the limits in this figure are given assuming an equal production of ν e , ν µ and ν τ at the source, and thus in the detector too. Under this assumption, the limits on the total cross section differ by a factor of 3 from those into a single neutrino flavor, often reported in the literature. 3 The dotted and dashed-dotted curves come from two different analyses of different samples by the IceCube collaboration, respectively [13] and [7] , at the 90 % CL. To make the comparison as fair as possible with all the other limits, we have rescaled this limits obtained with an Einasto profile to account for a NFW profile with a local density of 0.39 GeV/cm 3 . The Antares collaboration has also reported 90 % CL limits on the presence of a flux of ν µ and ν µ from the galactic center (dashed curve).
Also given in Fig. 1 is an indirect limit on the cross section σv which has been derived under certain assumptions at 95% CL in Ref. [16] . This limit has been obtained by looking at the gamma-ray continuum emitted by ν α ν α final states (with α = e, µ, τ ) as a result of Figure 2 : Neutrino spectrum analysed as a function of the deposited energy E deposited at IceCube. The black crosses show the data, while the green, red and blue curves respectively denote the atmospheric muons, the atmospheric neutrinos, and astrophysical neutrinos (all as derived in [15] ).
electroweak corrections, and by confronting the corresponding spectra to Fermi and HESS data. We selected the most stringent limits (brown curve labeled as HESS (ν τ )) and multiplied it by a factor of 3 since it constrains one third of our cross section (assuming, as said above, a flavor universal flux at production). For completeness, we also give the unitarity limit on the total annihilation cross section (upper right corner of Fig. 1 , assuming a DM relative velocity of 2 × 10 −3 c in our galaxy [17] ), which holds as a model-independent upper bound on σv.
Last, but not least, Fig. 1 also shows 95 % CL limits (solid line) that we have derived by applying to DM annihilation the approach which has been presented for decaying DM in section II.C of Ref. [5] . In contrast with all the other limits presented in Fig. 1 , this approach is line-feature oriented, meaning that the potential presence of a monochromatic signal was constrained by studying the (deposited) energy distribution of the data and of the backgrounds. These distributions are displayed in Fig. 2 , where the crosses, the green, the red and the blue curves respectively denote the 2-year data sample of Ref. [15] , the atmospheric muons, the atmospheric neutrinos, and astrophysical neutrinos. Concretely, we define N i lim , the upper bound on the number of events observed in each bin i, through Neyman's construction [18] ,
where q denotes the confidence level (in our case, 95% CL). From there, the limit on σv is defined as the maximum value such that the putative DM-induced signal-which is proportional to σv -plus the background predictions (gray curve in Fig. 2) do not overshoot N i lim in any bin. The improvements achieved in this way (see Fig. 1 ) illustrate well the fact that important progresses at neutrino telescopes are possible. Moreover, further improvements are expected in the future for at least two reasons. First, only small data samples have been analyzed until now as far as DM searches are concerned. In comparison, IceCube has now accumulated 6 years of data with the complete detector. Second, spectral features must properly be searched for by optimizing the study of both the energy and angular distributions of the data, which has never been done to the best of our knowledge.
All in all, from these arguments, it would not be necessarily surprising that an experi-ment like IceCube could reach, in a near future, a sensitivity on σv as good as few times 10 −25 cm 3 /s.
III. MODELS LEADING TO LARGE ANNIHILATION CROSS SECTIONS INTO MONOCHROMATIC NEUTRINOS
This section is devoted to the determination of models which lead to s-wave annihilation into neutrinos and are in agreement with direct detection and neutrino mass constraints. As mentioned in the introduction, we will perform this determination within a basic setup based on simple assumptions. Besides postulating that DM is made of real scalar, complex scalar, Majorana or Dirac particles 4 , we make the following three assumptions:
(i) Single DM component and one mediator. We assume that DM is made of a single particle species and, in order for DM to annihilate into neutrinos, we assume a single mediator beyond the SM. From the various discussions below, it will be clear why one needs an extra mediator for DM to annihilate into neutrinos, i.e. why annihilations mediated by SM particles cannot lead to an observable neutrino flux. We will see that this is related to the fact that annihilations mediated by SM particles proceed through a Z boson in the s-channel.
(ii) Size of multiplets. We assume that the DM and the mediator particles belong to SU (2) L multiplets not larger than a triplet. Notice that the mediator, like the DM, must be electrically neutral so that the annihilation can proceed at tree level . Thus, multiplets in our discussion can be singlets "S", doublets with hypercharge 1 "D" , triplets with hypercharge 0 "T 0 ", or triplets with hypercharge 2 "T 2 ". We impose this requirement on the size of the multiplet simply for the sake of not having too many models. In Section VII, we discuss the consequences of giving up this assumption.
(iii) Thermal DM production. Furthermore, in this basic setup we assume that DM is thermally produced as a result of the various (co-)annihilation channels in the model. In general, we will see that, in order to get an observable neutrino signal, it is important that the annihilation into neutrinos plays a non-negligible role in the freeze-out process.
Given these assumptions, we must now consider the following constraints:
1. s-wave annihilation. In order to have a neutrino flux sufficiently large, one is forced to consider s-wave annihilations. Any other partial wave would be suppressed today and could not lead to any observable flux of monochromatic neutrinos. If no Sommerfeld effect is present, the suppression arises as powers of the velocity. Otherwise, the suppression is due to powers of the coupling constant associated to the Sommerfeld effect [19] .
5
For an annihilation into νν such a requirement eliminates many scenarios. Since the neutrino is left-handed, the antineutrino right-handed, and since they have negligible masses, the final state has, in this case, one unit of total angular momentum along the direction of motion of the neutrinos in the annihilation frame. Accordingly, the initial state must have J = 1. Thus, if we consider only annihilations taking place 4 Spin-1 DM will not be considered here. 5 As pointed out recently, when certain selection rules apply, the suppression due to the coupling constant might be avoided [20] . We will not consider such scenarios in this work.
via the s-wave, the total spin of the initial state must equal one, S = 1. This is a very strong restriction because it excludes scalar or Majorona DM, which may only form pairs with S = 0. As a result, this annihilation channel requires Dirac DM. In particular, this excludes the possibility of splitting Dirac particles into Majorana fermions, which would be required if the DM multiplet had hypercharge, as discussed below when addressing the direct detection constraint.
In contrast, for an annihilation into νν, since both neutrinos are left-handed and have a negligible mass, the final state has zero total angular momentum along the direction of motion. This and the fact that there is no CP-symmetry constraint on this channel (νν is not a CP eigenstate) leave the possibility of having s-wave annihilations open.
2. Direct detection. Direct detection constraints are an important concern for all DM candidates coupling to the Z boson, i.e., for all DM multiplets with non-vanishing hypercharge. As well known, the exchange of a Z boson between DM and nucleons induces a scattering process far too fast to be compatible with direct detection bounds. This can only be circumvented by splitting the field coupling to the Z boson into two self-conjugate fields of opposite CP parity, in such a way that the mass difference of the latter renders the direct detection process kinematically forbidden. For a scalar DM doublet, φ D , this can be done through the interaction Lagrangian
where H is the SM doublet. Concretely, from Eq. (B4) of Appendix B we have
with δm ∼ 100 keV being the typical minimum mass splitting that is needed to suppress the Z-mediated direct detection process [21] . For other candidates with non-vanishing hypercharge, this mass splitting can only be induced through nonrenormalizable interactions or from the adjunction of extra scalar multiplets. As examples 6 , for a scalar triplet with Y = 2, a second scalar triplet with the same hypercharge allows to write an interaction term similar to Eq. (2). For a fermionic vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components can be split into two Majorana fermions from higher dimensional operators involving several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to different Majorana masses for the chiral components. Note that, in addition to assuming as above a DM multiplet and a mediator multiplet, these cases require an extra multiplet whose exchange or vev leads to the mass splittings.
For the νν channel, this criterion eliminates all Dirac DM candidates with nonvanishing hypercharge because splitting the mass of the neutral components converts DM into Majorana fermions, which annihilate into νν via its p-wave. Thus, for this channel only hyperchargeless singlet or triplet Dirac candidates are viable.
Note that this direct-detection constraint also explains why at tree level one needs a mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption (i). Without any new mediator, the annihilation into neutrinos at tree level can only proceed through a Z in the s-channel, which is not possible due to the present directdetection constraint. . 3. Neutrino masses. One issue which is fully relevant for the νν channel concerns the possibility that the same diagrams leading to annihilation into neutrinos could give rise to neutrino-mass Weinberg operators with too large coefficients. This is not necessarily a problem at tree level 7 but it is a matter of concern at the loop level and actually excludes quite a number of models. For instance, the models involving a DM scalar doublet annihilating into the νν final state in the t-channel are excluded because if they satisfy the direct detection constraint, they necessarily induce too large neutrino masses through the first diagram of Fig. 4 . This stems from the fact that, in this case and as said above, the direct detection constraint requires a minimum value for the coupling responsible for splitting the CP-even and CP-odd neutral scalars in the doublet. In the presence of such an interaction, from the annihilation channel into νν, one can directly form a loop by attaching both DM particles together. Given the 7 A priori, this tree-level concern only applies to the case of a scalar triplet with Y = 2 in the s-channel (the models we will call S Table I below). In this case, the neutrino-mass constraint requires the vev of this mediator to be small, implying that its coupling to two SM Higgs doublets is small as well, see Fig. 3 . However, since this vev does not enter in the annihilation process, both issues are parametrically separated. Note that to assume a flavour setup with large Yukawa couplings whose contributions cancel each other in the neutrino mass matrix (such as the ones based on an approximatly conserving lepton number U (1) L symmetry, see Refs. [23] , [24] and [25] ) does not help here. This will not boost the νν annihilation channel, only the νν one which remains p-wave suppressed.
lower bound on λ 5 , one can see that an observable flux of neutrinos leads to a too large neutrino mass contribution (of order ∼ 100 keV at least). As shown in Ref. [26] for the production of monochromatic neutrinos, such problem occurs in the scotogenic model [27] (which is model S r 3 in Table. I). Such an incompatibility between an observable flux of neutrinos and neutrino-mass constraints basically holds for all models which involve a source of lepton number violation 8 . Nevertheless, note that for the models which proceed to an annihilation into neutrinos in the s-channel-last two diagrams of Fig. 4 -this exclusion is not strict. For these two cases (which we call S r 1 and F m 1 below), and unlike for the first two diagrams of Fig. 4 , the loop renormalizes the interaction associated to the diagram of Fig. 3 . Thus even if, just in the same way as for the first two diagrams, the finite part of this loop gives far too large neutrino masses, in principle this large finite part could be canceled by an appropriate counter-term in the tree-level diagram, leading to sufficiently small neutrino masses. In the following, we will consider these models as not absolutely excluded and discuss their phenomenology accordingly. Thus, except for these two fine-tuned models, all the models that could be probed by neutrino telescopes do not involve lepton number violation associated to the DM and mediator particles. In other words, apart from S r 1 and F m 1 , models that involve a source of lepton-number violation necessarily lead to too large neutrino masses at loop level. Table I summarizes the whole discussion above by showing all the models that proceed through s-wave annihilation-explaining why there are no Majorana and scalar DM scenarios with the final state νν-and that are in agreement with the Z-exchange direction detection constraint-explaining why there is no case with Dirac and complex scalar DM having nonzero hypercharge. This singles out 9 scalar and 11 fermionic DM models. Table I also shows which of these models are excluded by the neutrino mass constraint, i.e. all scenarios with the real scalar or Majorona DM annihilating into νν, except, as explained above, two models proceeding in the s-channel (S r 1 and F r 1 ). Note that there is a one-to-one correspondence between the list of models with the real scalar DM and that of Majorana DM. This is a consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and therefore obey the various constraints in the same way. Table I also displays which models involve an annihilation into neutrinos with a rate proportional to powers of v EW /m DM . Notice that these models are those that violate hypercharge. The neutrino flux predicted by them is naturally suppressed above the electroweak scale. One can show that for multi-TeV DM, and due to this suppression, these models do not lead to a sufficiently large neutrino flux in a perturbative way 9 . This will be useful in our discussion of the Sommerfeld effect in the next two sections, because if the Sommerfeld enhancement is induced by electroweak interactions, it will only be large when m DM v EW , i.e. in the multi-TeV range.
Another property listed in Table I has to do with the annihilations involving charged leptons. Whenever the final state into neutrinos is present, SU (2) L invariance predicts another process into charged leptons (not necessarily with the same initial state), whose rate is equal to that of neutrinos, up to terms proportional to v EW . More concretely, the 8 In other words, this incompatibility applies to all models which lead to a one-loop neutrino-mass diagram involving two arrow flips: one from the Majorana character of the fermion particle in the diagram and one occurring for the scalar particle, as induced for example by a λ 5 interaction. 9 If the couplings are perturbative, the annihilation into neutrinos is negligible in the freeze-out process for m DM v EW . Thus, to have an observable monochromatic flux today, one needs a very large boost. We will not elaborate further on that. Table I : DM models which pass the direct detection constraint and the requirement of s-wave annihilation into neutrinos. S, D, T 0 and T 2 hold for a field which is a singlet, doublet, Y = 0 triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a "No" in the column labeled m ν , whereas the two models which satisfy the one-loop neutrino massconstraint after fine tuning are indicated with "± ". Those labeled as "Yes" in the column m ν do not break lepton number and do not generate neutrino masses. The models whose annihilation into neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (v EW /m DM ) 4 ) are indicated in the next column. These models cannot perturbatively lead to a large annihilation cross section into neutrinos if m DM v EW . The column + − specifies whether the model leads to annihilations into charged lepton pairs. The "=" sign means that electroweak symmetry leads to equal rates in νν and in + − (up to corrections proportional to the electroweak vev v EW ). The "/" sign holds for the case when associated charged lepton production is not present at tree level. The labels in red correspond to the models that are extensively discussed in the next sections.
swapping of a neutrino for an electron is a particular transformation induced by the second generator of the SU (2) L algebra
For the νν final state, the charged-lepton counterpart is − − , which is not an available channel for DM annihilations. In contrast, for the νν final state, the corresponding chargedlepton pair is − + . For the models in Table I that give rise to the final state νν, the action of e iπ T 2 leaves the initial state invariant. This is obvious for singlets, while for triplets with
Hence, for the models in Table I that lead to νν, we always have DM annihilations into − + with the same rate (again, up to terms proportional to the electroweak vev). We will further discuss the implications of this in Sections IV D and VIII B.
Combining all constraints only leaves 8 models which can be split as 4+2+2. The first four are the fermion DM models, labeled as F 1−4 , which readily satisfy all constraints. These models require a Dirac fermion DM multiplet with vanishing hypercharge, that is, a singlet or a triplet. All four models involve an annihilation into νν, two of them (F 1,3 ) proceed via the s-channel exchange of a Z spin-1 boson, whereas the other two (F 2,4 ) proceed via the t-channel exchange of a scalar doublet. Models F 2 and F 4 also involve an annihilation into νν, but for DM masses well above the electroweak scale, it is suppressed by powers of v EW /m DM and is negligible with respect to the annihilation into νν. The next two models are the fine-tuned models which require canceling out neutrino-mass diagrams. These are the model S r 1 , based on a scalar real scalar DM particle, and the model F m 1 , based on a Majorana DM fermion, both belonging to a doublet. Finally, the last two models can only satisfy all constraints perturbatively for DM masses below the ∼TeV scale. Both are based on a complex scalar DM setup out of a hyperchargeless singlet (S 1 ) or triplet (S 2 ), both with a fermion doublet mediator.
We would like to remark that a list of models leading to DM annihilations into monochromatic neutrinos has also been determined in Ref. [8] . Even though there are many similarities, both approaches are qualitatively different, in particular due to the fact that we focus from the start on a neutrino flux at the reach of neutrino telescopes. A small difference is that Table I disregards from the start the models leading to p-wave or d-wave annihilation as well as the models involving possible right-handed neutrinos evolving into SM neutrinos via mixing in the final state (because as already said in Ref. [8] these processes are suppressed by the mixing). Another difference is that we include the perturbativity constraint for DM scenarios above few TeV. Also, Table I is more detailed because it specifies if fermions are Dirac or Majorana particles. Hence, a single instance in the tables of Ref. [8] corresponds to several models in our classification. Moreover, Z mediators were not considered in Ref. [8] . Besides the above, the main and most important difference is that the possibility that these models could lead at one loop to too large neutrino masses is not considered in Ref. [8] . As we have seen above, such a constraint excludes many models.
In summary, the requirement of large s-wave annihilation into neutrinos at freeze-out, combined with direct-detection and neutrino-mass constraints, lead to a very limited number of possible DM candidates and simple models which, apart from two fine-tuned models and two sub-TeV scenarios, all involve a hyperchargeless Dirac DM fermion, conserve lepton number and lead to the νν final state.
IV. MODELS WITH ELECTROWEAK SOMMERFELD ENHANCEMENT
So far, we have determined the models which could lead to a large (s-wave) annihilation rate into neutrinos, that is to say, not several orders of magnitude smaller than the freeze-out thermal value. However, as discussed in Section II, even this value is not expected to lead to an observable flux of monochromatic neutrinos, at least for the very near future. Thus, in order to observe a flux one would need an enhancement of the cross section into neutrinos today with respect to the freeze-out epoch. An enhancement expected to arise for certain DM candidates comes from the Sommerfeld effect.
As is well known, in order to have Sommerfeld enhancement one needs the DM to couple to a lighter mediator that can be exchanged between the particles of the initial state in the annihilation process. Unless an extra light mediator of this kind is added, this is not operative for the singlet DM cases. Moreover, a large electroweak Sommerfeld enhancement is only possible for DM masses much larger than the electroweak boson masses, that is to say, above few TeV. Thus, out of the eight models of the previous section, only four can lead to an electroweak Sommerfeld boost. These are F 1,2 , both involving a hyperchargeless Dirac triplet and annihilation into νν, and the doublet models S r 1 and F m 1 . In the following, we determine the Sommerfeld enhancement for these models. In Section V, we also briefly consider models F 3,4 and S 1,2 which all require non-electroweak Sommerfeld mediator.
Let us start with models F 1,2 , where the DM candidate belongs to a Dirac triplet with no hypercharge, that we write as ψ = (ψ
T . In order to protect its Dirac nature, we will assume, for instance, that ψ is the lightest multiplet charged under a U (1) group. Including Sommerfeld effects, the s-wave cross section for a pair of DM particles annihilating into a two-body final state ab can be written in both models as
where
are the Sommerfeld factors and Γ ab is the corresponding annihilation matrix. The former encode the non-perturbative effect associated to exchange of SM gauge bosons in the initial state, whereas the latter describes the perturbative physics associated to the annihilation. In appendix A, we calculate the Sommerfeld effect for a Dirac triplet.
In particular, we show that the Sommerfeld factors are unequivocally determined by fixing the mass and the relative velocity of the DM. The mass splittings between the neutral and charged components of the triplet also play a role, but they are fixed to 166 MeV by radiative corrections [28] .
We use the notation of Table I .
Here, in addition to the Dirac triplet, there is a heavier doublet
In the following we calculate the cross section of this model for the ψ 0ψ0 → νν channel. Interestingly, the process ψ 0 ψ 0 → νν also exists but is suppressed by two powers of v EW /m DM because it violates hypercharge by two units. Since, in this particular section, we are interested in multi-TeV DM, neglecting this channel is justified and we only consider the final states with no lepton number.
The matrices Γ ναν β describing tree-level annihilations into neutrinos receive two contributions that interfere with each other. The first one is associated to the creation of the neutrinos through the exchange of the mediator ϕ D and is therefore proportional to four Yukawa couplings, see Eq. (7). The other contribution is given by SM gauge interactions creating neutrinos through a Z boson in the s-channel. This gives the annihilation matrices
In these matrices, we emphasize that the corresponding process only takes place when the initial state has total spin S = 1. According to Eq. (6), the cross section into neutrinos is
and Br αβ
where y 2 ≡ α |y α | 2 /3. For annihilation into charged leptons, the cross section is the same.
Due to the fact that d + and d − are equal, the pure gauge part and the interference terms do not contribute to the annihilation cross section in Eq. (11), even though they do contribute to the annihilation matrix.
The relic density is set by two classes of interactions: the one associated to Eq. (7) and the one involving only the electroweak interactions of the Dirac triplet. Each class involves various annihilation and co-annihilation processes with their corresponding Sommerfeld effect. Summing the contributions to the freeze-out of all these processes, the 26% relic density constraint fixes the bare cross section σv 0 (or equivalentlyȳ for a given m DM and m D ). See the details in Appendix A. For y α = 0, the observed relic density is only obtained for one single value of m DM -fixed by electroweak interactions-which turns out to be 2 TeV. Notice that this is a factor of √ 2 smaller than for Wino DM. For larger values of m DM , the electroweak annihilation channels are too slow to account for the relic density, but the annihilation channels involving the y α coupling can account for it. In this case, if the mass is well above 2 TeV, the electroweak annihilation channels can safely be neglected, and if the Sommerfeld effect at freeze-out is also neglected, the relic density constraint gives σv 0 ≈ 0.5 × 4.7 × 10 −26 cm 3 /s. The factor 0.5 in front is due to co-annihilations. This is just an approximation because the Sommerfeld effect can be sizable at the freeze-out, as it is the case for the quintuplet minimal DM [29] . Based on the method introduced in Refs. [29, 30] , and as explained in appendix A, we have made an estimate of this Sommerfeld effect in the early universe for Dirac triplets. We found that, for large DM masses, including such effect at freeze-out reduces the cross section by roughly 25%. From now on, to determine σv 0 , we will use the estimate in Eq. (A19).
The knowledge of σv 0 allows us to predict unambiguously the annihilation cross section today in DM halos as a function of m DM and of the DM velocity. To this end, we plug the value of σv 0 in Eq. (10), taken with the DM velocities corresponding to those in DM halos today. Fig. 8 gives the annihilation cross section we obtain in this way in the Milky Way and dwarf galaxies. These results are discussed below together with those of other models.
On top of the numerical results presented in Fig. 8 , it is also interesting to derive by simple means an order of magnitude estimate for the annihilations in DM halos. To this end, we can consider the electroweak symmetric limit, m DM v EW . In that limit, we find 10 that |d 0 + 2d + | 2 ≈ 4α 2 π/v. Thus, the total annihilation cross section into neutrinos is roughly 3.6 × 10 −24 cm 3 /s in the Milky Way (assuming v = 2 × 10 −3 c [17] ). In fact, in Fig. 8 we observe that the cross section numerically computed oscillates around this estimate and approaches it at large masses. In this model, the Dirac triplet interacts with a heavier neutral vector boson Z . The simplest realization of such a scenario assumes that the Z is the gauge boson of a U (1) symmetry, and that it acquires its mass m Z by means of the spontaneous breaking of the U (1) symmetry 11 or via the Stueckelberg mechanism. Thus in model F 1 there is a direct link between the mediator of the annihilation into neutrinos and the Dirac nature of the DM multiplet. The coupling of the Z boson to the DM and lepton fields is given by
10 For m DM v EW , in the total-isospin basis, the most attractive potential is the one corresponding to the isospin singlet V (r) = −2α 2 /r, whose Sommerfeld factor is S(−4α 2 π/v) ≈ 4α 2 π/v. See appendix A for details. 11 In order to protect the Dirac nature of the DM field, we assume a charge assignment for the fields such that a Majorana mass term does not arise after symmetry breaking.
With this, the leptonic annihilation matrices are
with
. Here, we neglect the interference terms proportional to the width of the Z boson because they are higher order in α D . The cross sections are then
A and Br αβ
The calculation of the annihilation cross section today is analogous to the one of the previous scenario. We first determine α D Q in the early universe by means of the relic density constraint, see Eq. (A20). Then, we calculate σv today in the Milky Way and in dwarf galaxies taking into account the Sommerfeld effect. The results are shown in Fig. 8 . Table I . For model F m 1 , the diagram is the same except that the DM particle is fermionic.
As explained above, besides F 1 and F 2 , there exist two other non-excluded models where DM has non-trivial electroweak quantum numbers (even if fine-tuned because they require cancellations to take place in the neutrino masses). These are S r 1 and F m 1 . In the scenario S r 1 , considered before in Refs. [8, 9] , the DM belongs to a scalar inert doublet φ D with the following relevant interactions
The Y L coupling gives a type-II seesaw contribution to the neutrino masses equal to m ν αβ = Y L αβ v T , where v T is the vev of the triplet (see Fig. 3 ). Thus, if neutrino masses only stem from this source, the Yukawa coupling is given by
where m i are the neutrino masses, and U the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix.
For simplicity, we neglect the contribution of electroweak interactions to the annihilation matrices. (For doublet representations, such a contribution can only account for the relic density below the ∼ TeV scale, see .e.g. [31, 32] ). The annihilation matrices take then the simple form
where [8] σv 0 = 1 8π
where the second equalities hold for the case where the Y L interactions are the only source of neutrino masses.
From this, it is clear that having a significant flux of neutrinos from DM annihilations into neutrinos is only possible when µ v T , as mentioned in footnote 7. The total annihilation cross section into neutrinos is
Notice that, when the Y L interactions are the only source of neutrino masses, the monochromatic neutrinos are produced as mass eigenstates with branching ratios given by
By carefully taking into account co-annihilations (see Appendix B) we find σv 0 ≈ 4 3 × (2.35 × 10 −26 cm 3 /s) . The total annihilation cross section into neutrinos is presented in Fig. 9 . There, we also show the corresponding cross sections into SM gauge bosons, which we obtain by following Ref. [33] . Note that, unlike for the fermion DM models above, for the scalar model S r 1 , the mass splittings are not fixed by electroweak radiative corrections but are induced at tree level by quartic scalar couplings whose value are not fixed. Accordingly, the results of Fig. 9 are for two representative choices of mass splittings. In fact, to further illustrate the dependence with the mass splittings, we vary them and show the corresponding mass value at the first Sommerfeld peak in Fig. 10 .
Model F m 1 is similar to model S r 1 . Since in both cases DM belongs to a doublet, the Sommerfeld factors are identical for the same mass differences among the particles in the doublet. In particular, the position of the first peak as a function of both mass splittings is the same as in Fig. 10 . Nevertheless, as explained in Section III, for fermionic DM the splittings necessarily arise from radiative corrections and/or non-renormalizable interactions. As a result, even though the neutrino cross section is very similar for models F (the left panel of Fig. 9 ), the cosmic-ray counterpart (the right panel of Fig. 9 ) is different. We will not elaborate further on that.
D. Discussion of the results and cosmic-ray constraints
• Models F 1 and F 2 : As explained above, the neutrino cross sections for these models are totally fixed by the freeze-out through the annihilation into neutrinos and the fact that the Sommerfeld enhancement is fixed by electroweak physics for Dirac triplets. The results are given in Fig. 8 
At these minima the Sommerfeld-enhanced cross section regularly increases and approaches the values of 3.6 × 10 −24 cm 3 /s and 9.3 × 10 −24 cm 3 /s for models F 2 and F 1 , respectively. Even though both models share the same Sommerfeld boost factor, due to perturbativity, only F 1 can reach DM masses above ∼ 25 TeV. This is because the perturbativity constraint on the coupling giving rise to the relic density is weaker for processes taking place via the s-channel, even if the enhancement due to the s-channel resonance is small (compare Eq. (8) and Eq. (13)).
Unless one lies around a peak, the cross sections reported in Fig. 8 are typically below the present neutrino-telescope limits. In fact, these cross sections could reasonably be probed in the future by them.
However, one must still check whether these two models do not lead to too large fluxes of cosmic rays. The strongest cosmic-ray constraint is associated to charged leptons whose cross section, as mentioned in Table I , equals that of neutrinos. One can therefore directly compare the cross section obtained for neutrinos with the best existing limits on the production of charged leptons, which come from HESS [4] -for the galactic center-and a joint analysis by MAGIC and Fermi-LAT [35] , for dwarf galaxies. Fig. 8 shows that for DM masses below 25 TeV, in model F 2 the Sommerfeld enhancement always leads to a total cross section in charged leptons larger than the current limit on taus. Therefore, in order to avoid that bound, annihilations must proceed into muons or electrons, which are only allowed around the dips located at m DM ∼ 4.8 TeV and 14.1 TeV. This can be achieved by an appropriate choice of the Yukawa couplings in Eq. (7).
In contrast, model F 1 predicts equal branching ratios into e + e − , µ + µ − and τ + τ − . Hence, the limit on the τ + τ − channel must be compared with the total cross section divided by 3. After accounting for this, one observes that the tau limit lies a factor 2.5 (1.5) below the predicted cross section around the first (second) dip. Nevertheless, the τ + τ − limit lies slightly above the prediction for the next dips, which-below the regions excluded by perturbativity and unitarity-are located around 27 TeV, 47.2 TeV and 70.7 TeV. . We show the most stringent limits from IceCube and Antares data (see Fig. 1 ). The limits for charged leptons are from HESS [4] and correspond to ten years of observation of the galactic center. All the cross sections and experimental limits are given for a NFW profile. The unitarity limit is the classical result from Ref. [34] . Right panel: Same as the left panel, but for dwarf galaxies for which we assume v ≈ 10 −5 c [17] . The limits on charged leptons consist of a combination of MAGIC and Fermi-LAT observations of dwarf galaxies [35] . All the limits in this figure have been rescaled to account for the fact that we are considering Dirac DM instead of the usual self-conjugate DM.
Model S r Two limits are shown, one from Ref. [3] which constrains the annihilation in monochromatic photons, and the other from Ref. [4] which constrains annihilation into a continuum of photons (assuming a WW final state). All curves in both panels are given for a NFW profile and for two representative choices of mass splittings between the components of the DM multiplet (see upper left corner). In the purple region, the mass splittings are so large that perturbative quartic couplings can not generate them.
It must be stressed that our calculation of the Sommerfeld-enhanced cross sections is expected to receive corrections from next-to-leading-order effects and Sudakov's logarithms (see e.g. Ref. [36] ) as well as from the finite width of the bound states determining the Sommerfeld peaks [37] . A precise determination of such corrections is beyond the scope of our work. However, judging by their impact on Wino DM, we must mention they can be important and in some cases our results might change by a factor of a few. The reader should have this in mind when interpreting our results.
Thus, one concludes that for both models one could still have an observable neutrino line around all the dips. This would require an improvement of the neutrino-line sensitivity by one order of magnitude or more, depending on the dip under consideration. In all cases, the observation of an associated flux of charged leptons should be around the corner. Alternatively, an improvement of the limits 12 on the production of charged leptons from DM annihilation by no more than a factor of a few would exclude these scenarios and thus definitely close the possibility of observing a neutrino line.
• Model S r 1 : Here the situation is different from the previous models in various ways. One difference is that the neutrino signal has no charged-lepton counterpart. Nevertheless, the model predicts a gamma-ray flux which arises from DM annihilations into W W , ZZ and hh-that produce a continuum photon spectra-as well as from DM annihilations into Zγ and γγ, that produce photon lines. These fluxes are severely constrained by HESS observations of the galactic center [3, 4] . In particular, the limits on these channels exclude the neutrino signal around the first Sommerfeld peak, as illustrated in Fig. 9 for two different benchmarks. Details on the calculation of the cross sections are discussed in Appendix B.
Another aspect concerns the masses of the scalar doublet particles. As already mentioned above, in contrast to Dirac triplets, the mass splittings between the DM multiplet components are not fixed, but change as a function of the quartic couplings (see Eq. (B3)). As a result, the position of the Sommerfeld peaks are not fixed either. This is illustrated in Fig. 10 , where we show the position of the first peaks as a function of the mass splittings in the doublet. In particular, large mass splittings lead to a higher mass at the first Sommerfeld peak.
Note that the HESS limits become weaker for large masses and, for the case of lines, do not exist above 20 TeV. Thus, to avoid the gamma-ray constraints that exclude the 12 Preliminary limits from the HAWC collaboration on DM annihilations in dwarf galaxies further constrain the regions around the Sommerfeld peaks above 30 TeV [38] . neutrino signals around the first peak, one could think about considering large mass splittings, since in this case the first peak is located at a larger DM mass. Nonetheless, this is not possible for two reasons. First, the mass splittings are bounded from above by the perturbativity condition on the quartic couplings. For instance, Eq. (B4) gives (m A 0 − m H 0 ) < |λ 5 |v 2 EW /2m H 0 . The area which is not accessible perturbatively is shown in blank in Fig. 10 and in purple in the bottom panel of Fig. 9 . Second, large splittings require large quartic couplings for high DM masses, which induce fast annihilations into W W , ZZ and hh. Again, this is shown in the bottom-right panel of Fig. 9 , where a mass splitting between the DM and the charged components of 5 GeV leads to relatively large annihilation cross sections into SM gauge bosons. Having mentioned this, it must be clear that a neutrino signal is excluded around first peak, no matter the mass splittings considered.
The previous discussion suggests to consider small mass splittings and to study the neutrino signals around the second or the third peaks. Numerically, we find the following approximated expressions for the position of the second and third peaks m 2 = 3.7m 1 and
where m n is the position of the n th peak. For instance, for the second Sommerfeld peak in the top right panel of Fig. 9 , the constraints from gamma-ray observations are not strong and an improvement of one order of magnitude by IceCube could probe the corresponding neutrino signal in the near future.
V. MODELS WITH AN ADDITIONAL MEDIATOR INDUCING A SOMMERFELD ENHANCEMENT
A. Models Table I. .
Model F 3 consists of a DM Dirac singlet ψ coupled to a Z mediator, see Eq. (12). Model F 4 consists of a DM Dirac singlet ψ coupled to a doublet mediator ϕ D , see Eq. (7). A Sommerfeld enhancement requires another mediator with a mass much smaller than m DM . This can most easily be done by introducing a real scalar particle φ and coupling it to the DM by means of a Lagrangian
In that case, the additional annihilation channel DMDM → φφ is p-wave suppressed 13 . Consequently, the freeze-out process in the early universe is determined, to a very good approximation, by DM annihilations into neutrinos and charged leptons. This leads to the following cross sections in DM halos
where Br αβ
and with BF being the boost factor due to Sommerfeld enhancement. Notice that for these models, there are no co-annihilations and the Sommerfeld effect in the early universe is small [39] . Consequently, the total annihilation cross section at freeze-out is roughly 4.7 × 10 −26 cm 3 /s [40] . In addition, we calculate BF by using the analytic expressions obtained for the Hulthén potential [19] , which approximates the Yukawa potential induced by the scalar exchange reasonably well.
In Fig. 12 , we plot for model F 4 the total annihilation cross section into neutrinos (or charged leptons) as a function of α SE and the mediator mass m φ . For model F 3 the plot is the same except that the neutrino cross section reported in this figure has to be divided by 3, due to the fact that a Z produces neutrinos in a flavor-democratic way at the source. As for F 1,2 , the models F 3,4 predict an equal production of charged leptons and neutrinos. Therefore, the observation of a neutrino line is only possible for a neutrino cross section below the limits on charged leptons. Here too, this implies that an observation of a line below 1 TeV in the near future is not expected in these models, given the stringent limits on charged leptons at these low energies. But, unlike models F 1,2 , below the charged-lepton limits such an observation is in principle possible for any DM mass above 1 TeV. This results from the fact that here the mass of the Sommerfeld mediator and its coupling strength are not fixed. By varying these two parameters, the positions of the peaks and the strength of the Sommerfeld effect can vary, as shown in Fig. 12 . This leads us to the conclusion that, in presence of a new Sommerfeld mediator, an observation of a neutrino line is basically possible everywhere for cross sections below the charged-lepton limits. (Notice that this would also be possible for model F 1,2 if we added a new Sommerfeld mediator.)
We would like to mention that model F 4 also gives rise to DMDM → νν, as shown in Table I . An explicit calculation shows that σv(DMDM → ν α ν β )/σv(DMDM → ν α ν β ) < λ . Therefore, the νν final states are only relevant below the electroweak breaking scale, where we find that σv(DMDM → ν α ν β ) ∼ σv(DMDM → α β ). Since the latter are severely constrained, νν as the dominant annihilation channel in model F 4 is not an option. Figure 12: DM annihilation cross section into neutrinos of all flavors for model F 4 as a function of the DM mass and the coupling inducing the Sommerfeld effect. For these models, this cross section also gives the total annihilation cross section into charged leptons. This cross section is here given for an annihilations in the Milky Way, assuming a DM relative velocity of v ≈ 2 × 10 −3 c [17] . The blue dotted (dashed) lines are the limits for µ + µ − (τ + τ − ) final states from HESS [4] under the assumption of a NFW profile and correspond to ten years of observation of the galactic center. All the limits in this figure have been rescaled to account for the fact that we are considering Dirac DM.
B. Models S 1 and S 2
As discussed in Section III, models S 1 and S 2 lead to annihilation cross sections that are suppressed by powers of v EW /m DM . Therefore, they are viable models for neutrino lines only below the TeV scale. These models, as S r 1 and F m 1 , have the interesting property of not leading to an equal production of charged leptons and neutrinos. For models S 1 and S 2 , this is in fact a necessary condition because, as already said above, charged-lepton limits at low scales reach sensitivities that neutrino telescopes will not reach before long. Figure 13 : DM annihilation into neutrinos for model S 1 (left) and model S 2 (right). We use the notation of Table I .
.
At such low masses, the electroweak Sommerfeld effect does not take place, even for model S 2 whose DM candidate belongs to a SU (2) L triplet. Thus, as for models F 3,4 , an additional light mediator is required to induce the Sommerfeld effect. Such a mediator can be a scalar or a vector boson. In both cases, DM annihilations into the mediator proceed via the s-wave and they must therefore be considered at freeze-out and in DM halos. Moreover, if the mediator dominantly decayed into charged fermions or photons, the annihilation into monochromatic neutrinos would not be the prime signature of these scenarios.
Let us first discuss model S 1 where DM is a complex scalar singlet Φ coupling to a fermionic doublet χ D . Furthermore, we assume that DM couples to a real scalar φ that mostly decays into neutrinos and whose mass is m φ < ∼ 1 MeV. The relevant piece of the Lagrangian for our purposes is
To ensure that this model does not generate neutrino masses at one loop, we must forbid terms such as Φ 2 (by invoking, for example, a U (1) symmetry). The cubic interaction between the DM and the mediator induces a Yukawa potential of the form V (r) = −µe −m φ r /(16πm 2 DM r) [33] . Furthermore, the other interactions lead to Φ * Φ → νν and Φ * Φ → φφ. For the sake of simplicity, we neglect the Sommerfeld enhancement in the early universe. We then have
while in DM halos
where BF is the Sommerfeld boost factor. As before, we calculate it using the Hulthén potential approximation [19] . Here, Br φφ is the branching ratio into the mediators. If we fix this branching ratio as well as µ and λ, we can calculate the coupling µ by means of Eq. (29) and therefore the Sommerfeld boost factor BF, which allows to calculate the neutrino signal today. This is illustrated in the left panel of Fig. 14, where we show the annihilation cross section into neutrinos in the Milky Way for two different combinations of µ and λ, Br φφ = 0.3 and m φ = 1 MeV. In the corresponding right panel, we show the dependence of σv on the branching ratio. For low Br φφ , the Sommerfeld boost is small. For large Br φφ , the signal into neutrinos gets naturally suppressed in the early universe and therefore also today. In the figure, we also show current limits by IceCube [6, 7] . Even after including the Sommerfeld effect by an additional mediator, the cross section predicted by model S 1 is still more than one order of magnitude below the current sensitivity. As for model S 2 , which involves a DM triplet, it turns out that it is excluded in the region below 1 TeV, where it can produce neutrino lines. For m DM > m W , DM annihilations into W W are too fast in the early universe and can not account for the observed relic density. Below this W -threshold, it can be checked that this model leads to annihilations into γγ arising from W -boson loops, which are already excluded by current limits on photon-line production [1] .
Thus, to summarize this section, model S 2 is excluded, and model S 1 , unlike models F 1−4 , could lead to an observable neutrino line below 1 TeV provided that the neutrino-telescope sensitivities improve by at least one order of magnitude.
VI. FLAVOR STRUCTURE OF THE LINES
So far, our discussion has focused on the line feature because it may be used to better discriminate a signal from the astrophysical background. In this sense, indirect detection with neutrinos and photons are similar. Nonetheless, there is an important difference between the two cases. In contrast to photons, neutrinos carry flavor, which can be used as an indicator of their origin.
Thus, the prediction of the flavor ratios of the models of Table I is of particular relevance. Doing so requires to account for neutrino oscillations because they average out the flavor ratios when the neutrinos are produced at very large distances from Earth. Before presenting the predictions of each model, and for the sake of comparison and illustration, we first discuss the case of neutrinos produced in astrophysical processes (not including DM annihilations or decays), such as cosmic-ray spallations. These are produced as flavor eigenstates with particular ratios [41] , but even for an arbitrary flavor composition at the source, α In the case of model S r 1 , the flavor composition depends on the neutrino parameters that we take from Ref. [43] at 3σ (1σ) in blue (green). In addition, the blue-color gradient refers to the mass of the lightest neutrino (the darker the color, the lighter the mass).
one finds that, for an arbitrary composition at the source, the flavor ratios in the detector lies within the red contour depicted in Fig. 15 .
Having mentioned astrophysical neutrinos, let us consider model F 1 or F 3 . According to Eqs. (16) and (27) , they predict flavor-universal branching ratios. This is because DM annihilations into neutrinos are mediated by a Z boson. Therefore, the flavor ratios are 1 : 1 : 1 at the annihilation site, for instance at the galactic center. Neutrino oscillations will not affect this pattern and the flavor ratios in the detector are thus α This is depicted in Fig. 15 as the gray star.
Let us now consider models F 2 , F 4 and S 1 . In that case, DM is coupled to the neutrinos by means of flavored Yukawa interactions, which give rise to neutrinos with arbitrary flavor branching ratios (see Eqs. (11), (27) and (28)). As a result, in these models the neutrino composition of the lines also lies within the red contour, see the flavor triangle in Fig. 15 .
In contrast, for the case where the couplings Y L of Eq. (17) are the only source of neutrino masses, model S r 1 produces lines that are mass eigenstates. They do not oscillate by definition. The mass-eigenstate ratios of the lines are determined by Eq. (21) . The corresponding flavor composition is simply given by performing a transformation from the mass to the flavor basis, which leads to
Taking into account the 3σ (1σ) fit of the neutrino parameters presented in Ref. [43] , we calculate such flavor composition and show it as the blue (green) region in Fig. 15 . There, we differentiate between inverted and normal hierarchy. For the former case, one obtains a flavor composition in the detector that neutrinos of astrophysical origin can also give. On the contrary, in the case of normal hierarchy, the flavor composition does not mimic astrophysical neutrinos in most cases. All this discussion is completely analogous to the case of a majoron decaying into neutrinos, as recently studied in Ref. [44] .
VII. BEYOND THE BASIC PICTURE
So far, to determine the list of models that could lead to a large emission of monochromatic neutrinos today, we have made a series of standard minimal assumptions on the structure of the DM model, see (i)-(iii) in Section III. In this section we discuss how, by relaxing these assumptions-that is to say by complicating the DM scenario-one could enlarge the possibilities of having an observable flux.
A. Beyond triplets
In the basic setup considered above, assumption (ii) allows for DM and mediator multiplets up to triplets. It is not difficult to generalize this to higher representations. In Table I , any DM or mediator that transforms as a doublet can be replaced by a 4-plet, 6-plet, etc. Similarly, any triplet can be traded for a 5-plet, 7-plet, etc. For instance, one possible candidate is a hyperchargeless 5-plet with either a 4-plet or a 6-plet mediator, or a 7-plet with either a 6-plet or a 8-plet mediator.
A 2n-plet (with n ∈ N) necessarily has hypercharge, implying that its components must be split in mass to evade direct detection constraints. This in turn means that only the final state νν can take place via the s-wave. However, this channel breaks lepton number and the corresponding neutrino-mass constraints put a severe upper bound on the corresponding annihilation cross section into neutrinos. For instance, DM coming from a 2n-plet can not produce neutrino lines in the t-channel because of the reasons presented in Section III for doublets. In the s-channel, the doublet models S r 1 and F m 1 can be generalized to a 2n-plet but require fine-tuning as explained above.
Nonetheless, DM as a Dirac (2n + 1)-plet could constitute a viable option. Here, we will discuss the case in which it is coupled to a Z boson, that is, the generalization of model F 1 . For simplicity, we will neglect the contribution of pure gauge interactions to the annihilation matrix. Because of this, and because the Z boson couples to all the components of the multiplet in the same way, Eqs. (13) and (14) generalize to
where σv 0 is a global factor chosen so that the total annihilation cross section into neutrinos, as given by Eq. (6), is
The last factor in this equation is the Sommerfeld enhancement for the (2n + 1)-plet for the annihilation matrices in Eq. (31) . In order to calculate σv 0 , we first notice that Eq. (31) only has one eigenvector with non-zero eigenvalue, which corresponds to the isospin singlet. This is expected because the annihilation proceeds via the s-channel exchange of a singlet particle. Then, using the notation of Appendix A, we have Γ I=0,S=1 = 2(2n + 1)σv 0 /3. Similarly, the potential associated to singlet state 14 is V (r) = −α 2 n(n + 1)/r. The relic density constraint of Eq. (A17) is therefore
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Using the results from Ref. [45] (see also Refs. [29, 30, 46] ), we can calculate the total annihilation cross section into neutrinos and present the case of a quintuplet in Fig. 16 . The cross sections obtained in this case are above 10 −22 cm 3 /s, which is not only greater than the upper bounds from IceCube data but also violates the unitarity limit [34] . Thus, quintuplet DM is not a good candidate for observing a neutrino line. Such a large value, as compared to the case of a triplet, is due to a larger multiplicity. Based on an estimate similar to that of footnote 10, we have explicitly checked that larger representations give rise to even larger cross sections and are therefore excluded as well. We thus conclude that larger DM representations do not lead to more possibilities for observable neutrino lines.
B. Freeze-out from extra interactions
If one still assumes that the DM is made of a single particle species but allows for extra annihilation channels (on top of those induced by the mediator in Table I and on top of the possible Sommerfeld effect mediator), one can in some cases considerably increase the parameter space leading to an observable neutrino line. For instance, for the F 1,2 models one can assume an annihilation into neutrinos twenty times slower, in which case the prediction 14 The potential is V (r) = α 2 I 1 · I 2 /r, where I 1 and I 2 are the isospin operators of the incoming particles in the annihilation. From the equalities I 1 · I 2 = for the neutrino cross section in Fig. 8 decreases by a factor twenty, so that the corresponding cross sections are now allowed by charged-lepton constraints for almost any DM mass above 2 TeV, except close to the peaks. We present such a scenario in Fig. 17 . Of course, this still requires that neutrino telescopes can reach a sensitivity below the charged lepton limits. For instance, above 10 TeV, this requires a sensitivity around 3 × 10 −24 cm 3 /s (5 × 10 −25 cm 3 /s) in the e and µ channels (τ channel). On the model-building side, this implies the assumption of extra interactions inducing new annihilation channels leading to Ω DM 26% through thermal freeze-out.
Under this assumption, one has to make sure that these new interactions do not induce too large fluxes of cosmic rays. For Dirac candidates, this can be done by considering annihilations into scalars, which are p-wave suppressed. More generally, this could also be done by considering new annihilation channels into new dark sector states. We will not consider explicit examples of the latter here.
C. Multi-component DM
Another possibility is to give up the assumption that DM is made out of a single particle species. For instance, one bosonic and one fermionic component can annihilate into a neutrino and a gauge boson, possibly giving rise to two different sorts of lines such as those discussed in Ref. [47] for decaying DM. A comprehensive study of such multi-component scenarios is beyond the scope of this work. We nevertheless discuss what happens when the scenarios of Table I give a sub-dominant component of DM.
On the one hand, if the DM component producing neutrinos (and charged leptons) has no other equally important annihilation channels, one must consider annihilation cross sections much larger than in the single-component case, otherwise DM would be produced in the early universe much more. By doing this, i.e. decreasing the amount of DM particles producing neutrinos, but increasing the corresponding cross section, one is left with the same neutrino flux today as in the case of a single component. As a result, the overall picture does not change significantly.
The conclusion is different if the DM component producing neutrinos also have other annihilation channels, naturally diminishing its abundance. This is the case of models with Dirac triplets with masses below 2 TeV, where DM significantly annihilates into gauge bosons via its s-wave. Thus, the annihilation rate into neutrinos at freeze-out can be assumed to be below the thermal value. In this way, the neutrino flux that is produced-which equals that of charged leptons-can easily go below the limits on charged lepton production. Note nevertheless that below 2 TeV these limits require a sensitivity below 3 × 10 −25 cm 3 /s for the e and µ channels and below 6 × 10 −26 cm 3 /s in the τ channel. This appears to be quite challenging for neutrino telescopes.
D. Multiplet mixing in the initial state
In sections III-V, we have allowed for one DM and one mediator multiplets to be involved in the annihilation into neutrinos. Another option is to add an extra multiplet, whose neutral component mixes with the DM particle through electroweak symmetry breaking. For instance, before annihilating into neutrinos, a singlet DM particle can mix with the neutral component(s) of a doublet or a triplet. In this case, for what concerns the annihilation into neutrinos, the model is like the ones where the DM is the neutral component of this doublet or triplet, up to the fact that the cross section is multiplied by mixing factors. For DM representations with hypercharge, this allows to avoid a too large cross section on nucleons, as this one is also suppressed by a mixing factor. Models of this kind can be found in Ref. [8] and also-in the context of the MSSM-in Ref. [10] . We will not consider this possibility further. These models are suppressed by powers of v EW /m DM , so that they cannot perturbatively lead to a large production of neutrinos above the TeV scale. At lower scales they require, on top of the multiplet mediating the interaction and the ones mixing in the initial state, yet an extra light mediator leading to the necessary Sommerfeld enhancement. Moreover, for DM multiplets with hypercharge, if the direct detection constraint is satisfied thanks to this mixing, a suppression from the latter will also apply to the production of neutrinos.
E. Spin-1 DM
We did not consider spin-1 DM in this work because it cannot be easily studied along simple criteria of minimality similar to those considered in Section III for lower spins. Nevertheless, two annihilating spin-1 particles can easily form states with total spin larger than zero. As a result, s-wave annihilations into neutrinos are not so restricted, unlike scalar or Majorona DM. For an example in the context of Kaluza-Klein DM see e.g. Refs. [48, 49] . Annihilation into monochromatic neutrinos is however not a generic feature of spin-1 DM particles as the simple case of Hidden Vector DM [50] shows. In that scenario, DM only communicates with the SM via the Higgs portal, which leads to (at least) d-wave suppressed DM annihilations into neutrino pairs. In fact, elaborate model building is required in order to obtain s-wave annihilations into neutrinos for spin-1 DM.
F. Beyond tree level
Above, we have made a systematic study of the DM models leading to annihilation into monochromatic neutrinos at tree level 15 . In principle, the annihilation could also proceed at loop level. In order for such a loop-induced cross section to be around the freeze-out value, one would expect that the underlying interactions are non-perturbative, or close to it. Even though a more compelling statement requires a systematic study that is beyond the scope of this work, we would like to mention that many aspects of the study above remain true at loop level. On the one hand, the helicity arguments that lead to discarding models giving rise to p-wave or d-wave suppression are valid to any order of the loop expansion because they only depend on angular momentum or CP conservation. In particular, Majorana or scalar DM annihilations into νν are always at least p-wave suppressed. Likewise, the rate for the processes giving rise to final state νν is suppressed by four powers of the electroweak vev, unless the DM multiplet carries hypercharge, which-because of direct detection constraints-requires to break the corresponding neutral component into self-conjugate fields with a mass splitting.
VIII. BEYOND LINES: OTHER SHARP SPECTRAL FEATURES
In the previous sections, we made a systematic study of monochromatic neutrinos arising from DM annihilations. As is well known, this is not the only possible sharp spectral feature, even if it is the most striking one. Two other possibilities are box-shaped and bremsstrahlung (annihilations into 3-body final states) spectra. For a review of such features in the context of gamma-ray indirect searches, see Ref. [52] , or Ref. [5] for decaying DM. In this section, we do not provide a systematic classification of every possible spectra within these two categories. We make general considerations on the shape of these neutrino spectra and discuss two representative examples. Note that the IceCube and Antares collaboration have not provided so far any limits on spectra of these kinds. This is why we will also derive limits on the production of neutrinos along this type of spectral features at the end of this section.
A. Box-shaped spectra
If DM annihilates into particles, say a pair of "φ" particles, which subsequently decay in-flight into photons or neutrinos, the corresponding spectrum exhibits a spectral feature confined in a kinematical box. If the intermediary particle is a scalar, the spectrum is flat [53] . In the case of arbitrary spin, the shape within the box is determined by angular momentum conservation and depends on the polarization of the intermediary particles. These spectra have been comprehensively studied for neutrinos in Ref [54] (see also Ref. [55] ).
For the sake of illustration, and because we are focusing on neutrino fluxes at the reach of current telescopes, we will discuss the case in which the intermediary particle decaying into neutrinos also induces a Sommerfeld effect 16 . Therefore, we assume that the intermediary φ is either a scalar or vector field. We further assume that DM is not self-conjugate and that the s-wave annihilation into a pair φφ fixes the relic density 17 . Then, today,
where BF is the boost factor due to Sommerfeld enhancement. Notice that we are neglecting the Sommerfeld effect in the early universe and that there are no co-annihilation channels.
between the Sommerfeld effect and multiloop annihilation processes. Proceeding through the various steps of the calculation as for the other models above, it turns out that the cross section into φφ obtained in the Milky Way is the same as the cross section into neutrino and charged leptons for model F 4 above (Fig. 12 ). This stems from the fact that Eq. (34) and Eq. (26) are identical. However the neutrino energy spectra distributions are obviously not the same. For the case in which the φ boson is a massive vector boson much lighter than the DM, and depending on its polarization, the neutrino energy spectrum is [54] 1 σv
where x is the neutrino energy normalized to the DM mass. For a scalar boson, as well as for an unpolarized vector boson, the spectrum is flat. These spectra are shown in the left panel of Fig. 18 . As for neutrino lines, a neutrino box-shaped spectrum may also be accompanied by a similar spectrum of photons or by a flux of cosmic rays associated to charged-lepton channels. For the case under consideration, this depends on the properties of the mediator. For instance, if the mediator only decays into neutrinos, this does not happen. Nevertheless, that is challenging from the model-building point of view.
The decay of a Z cannot produce a diphoton spectrum [58, 59] but will produce a pair of charged leptons with the same rate as for neutrinos (unless kinematically forbidden). Instead, a scalar triplet with Y = 2 only produces neutrinos, but the associated charged triplet components, if produced too, will decay into charged particles.
In this regard, one could also consider Majoron mediators generating neutrino boxes. Their decay into photons or charged leptons is parametrically independent from the decays into neutrinos [44] and one can assume that the latter dominate. Nevertheless, one must keep in mind that the Sommerfeld effect for pseudo-scalar mediators is generally much more involved than for scalar or vector particles. See Refs. [60, 61] for a detailed discussion in the case of fermion DM.
B. Bremsstrahlung
The emission of an additional photon out of two-body DM annihilations-the so-called bremsstrahlung process-typically has a hard gamma-ray spectrum with a line-like feature. Interestingly, the latter can mimic monochromatic photons with the energy resolutions of current telescopes [62] [63] [64] [65] [66] [67] [68] . More generally, a hard spectrum for the additional particle that is emitted is also induced when this particle is a gauge boson [69] [70] [71] [72] or even a Higgs boson [73, 74] . For a recent comprehensive study on this subject, see Ref. [75] . For the case where the two-body final state is a neutrino pair emitting a SM gauge boson that then produces secondary photons, see Ref. [16] . In this work, instead of focusing on the production of secondary photons out of the neutrinos, we will directly study the properties of the neutrinos, i.e. the neutrino spectra that such processes lead to. This is fully relevant at neutrino telescopes.
The appearance of a spectral feature for certain bremsstrahlung processes is particularly interesting when, on the basis of a symmetry, these processes naturally dominate over the corresponding two-body processes. For the case of neutrinos in the two-body final state, as argued in Section III, a significant number of DM scenarios gives rise to DM annihilations that are p-wave or d-wave suppressed because rotational invariance or the CP-symmetry forbids the s-wave. In this case, the two-body processes are suppressed in DM halos but the three-body ones have no reason to be suppressed in the same way. Consequently, studying the bremsstrahlung process is fully relevant here. In practice this means that if there are scenarios where the s-wave annihilation into νν is forbidden, the corresponding annihilation into ννZ or νW is not [62, 67] . Another scenario where the bremsstrahlung production can naturally be dominant arises if the two-body neutrino production proceeds through the vev of a scalar field. In this case, for DM masses above roughly 10 TeV, the three-body process involving the corresponding scalar field dominates. This possibility has been studied in Ref. [47] for decaying DM (see also [76] ). In this work, we will focus on the cases in which the two-body processes are p-wave or d-wave, i.e. forbidden by symmetry.
Before illustrating the previous remarks with a concrete example, let us first discuss the channel involving charged leptons. The arguments of Section III show that, whenever the process DMDM → ννZ exists, SU (2) L invariance (more precisely, invariance under the e iπT 2 transformation) guarantees that there is another process with a similar rate with final state − + Z. For DM belonging to singlet or triplet representations with Y = 0, the initial state of the latter process is also a pair of DM particles because e iπT 2 DM=DM. Then, the constraints on charged lepton production will compete with limits on neutrino spectral features, similarly to what happens for models F 1−4 . In contrast, for doublets with Y = 1, the initial state of the process with the charged leptons is not a DM pair. This is because, in that case, DM is not invariant under the e iπT 2 transformation. More precisely, let us consider the case where the DM candidate, H 0 , belongs to a doublet φ D = (H + ,
Hence, the process H 0 H 0 → ννZ is related by SU (2) L invariance to the process H + H − → − + Z. Consequently, for the case of doublets, the limits on charged leptons may not directly constrain neutrino features.
Motivated by that, we discuss scalar doublet DM as an example of a bremsstrahlung process 18 . In order to obtain neutrinos in the final state, we postulate the presence of a Dirac singlet ψ that couples to DM by means of the Lagrangian
This scenario naturally gives neutrino lines at tree level, H 0 H 0 → νν, and does not produce − + final states. Nevertheless, as explained at length in Sec. III, the corresponding cross section has no s-wave piece. In fact, it first happens via its d-wave 19 . As expected, the emission of a gauge boson removes such a suppression. We find the following differential s-wave cross sections
with x = E f 1 /M and x = E B /M . In the final state f 1 f 2 B, B is γ, W or Z and f i is a lepton. The corresponding spectra are shown in the right panel of Fig. 18 . Interestingly, one observes that, even though both spectra exhibit a spectral feature, those of the leptons are far more prominent. For the total cross sections, we find:
where we define
Refs. [33, 68] . 19 Two identical scalars can not be arranged in the L = 1 configuration that is antisymmetric. See Ref. [77] for a related discussion. For the particular case when Fig. 19 shows the ratio of the cross section of all channels producing charged leptons to the corresponding quantity for neutrinos (blue). From the figure, we conclude that the observation of neutrino spectral features also implies the production of charged leptons with a hard spectrum, specially well above the electroweak scale. In the same figure, we show the ratio of the cross section σv α β γ to that of neutrinos (orange). Again, we conclude that the neutrino feature appears simultaneously with a softer photon feature, whose rate is approximately the same. Moreover, in the electroweak symmetric limit, that is for m DM v EW , regardless of the mass splittings we find that d 2 → −d 1 and d 3 → √ 2d 1 . According to Eqs. (40) , this means that the ratio of photons to neutrinos is 4s 2 W ≈ 0.9, while the ratio of charged leptons to neutrinos is 1 + 2/c 2 W ≈ 3.5. These values are in perfect agreement with the asymptotic behavior observed in Fig. 19 .
In summary, the emission of gauge bosons removes the d-wave suppression of the annihilations into νν. Also, even though we choose a DM representation in which the annihilation into charged leptons and one boson is absent at tree level, such channel is present after accounting for the Sommerfeld effect and makes the limits on charged leptons relevant and competitive to those of the neutrino lines.
C. IceCube limits on box-shaped and bremsstrahlung spectra
The IceCube and Antares collaborations have not provided any limits on box-shaped or bremsstrahlung spectra from DM decays or annihilations. For decaying DM, this has been derived in Ref. [5] . From the very same sample and methodology as that considered in this reference (which have also been used to get the neutrino-line limit of Fig. 1 ), we derive a limit on the neutrino production cross section for box-shaped and bremsstrahlung spectra. The results are given in Fig. 20 for the box-shaped and bremsstrahlung spectra under consideration in this section, taking into account all the possible neutrino flavors in the final state. As expected, the limits are slightly below those applying to a line. This is because the spectral features considered here are less sharp.
IX. CONCLUSIONS
The sensitivities to monochromatic neutrinos are expected to improve in the near future. We illustrated this by deriving, from a public IceCube data sample, a new limit on the production of such signal from DM annihilations in our galaxy (see Fig. 1 ).
Motivated by this fact, in this work we have systematically studied the possibility of observing a neutrino line from DM annihilations. In Section III, as a first step towards this goal, we have listed the set of models that give rise to unsuppressed rates into monochromatic neutrinos under certain criteria of simplicity. This list is given in Table I . We have found that neutrino-mass constraints are extremely important in this classification. In fact, only eight models satisfy all these criteria. Models F 1−4 do it without any problem. They all have the DM in a hyperchargeless Dirac representation (singlet or triplet). Two other models, S r 1 and F m 1 , where DM consists of a real scalar or Majorana fermion sitting in a doublet, pass all the constraints at the price of fine-tuned cancellations occurring in the neutrino masses. The last two models, S 1 and S 2 , where DM consists of a complex scalar out of a hyperchargeless multiplet (singlet or triplet), lead to unsuppressed cross sections into neutrinos for DM masses below 1 TeV. However, S 2 is excluded from the fact that a DM triplet below the electroweak scale produces too many monochromatic photons. All these models conserve lepton number except S r 1 and F m 1 . In general, we expect the viable models in Sec. III to produce lines with a cross section of the order of 10 −26 cm 3 /s because we assume that DM is produced via the standard freeze-out mechanism. Since neutrino telescopes are not expected to reach such a sensitivity in the near future, as a second step in our analysis, we have studied in detail the possibility of having a boost in the annihilation cross section from the Sommerfeld effect.
Our findings in Sections IV and V suggest that neutrino lines can be observed in the near future, with cross sections of the order of 10 −24 cm 3 /s. Four models-namely, F 1 , F 2 , S r 1 and F m 1 -undergo large electroweak Sommerfeld enhancement for DM masses above 2 TeV. F 1 and F 2 lead to cross sections which are already excluded by neutrino telescopes around the Sommerfeld peaks. Elsewhere (and above ∼ 3 TeV), the predicted fluxes are reachable by neutrino telescopes. This is also true for models S The other three models, F 3 , F 4 and S 1 do not have any electroweak Sommerfeld effect, either because they involve a DM singlet or because they are only viable below the TeV scale. As discussed in Section V, they can nevertheless take advantage of another source of Sommerfeld enhancement, if they couple to an extra light mediator. For F 3 and F 4 , depending on the mediator mass and on the strength of the mediator interaction with DM, an observable signal is possible for any value of the DM mass (see Fig. 12 ), thanks to the fact that the DM annihilation into the mediator is p-wave suppressed (unlike for model S 1 , see Fig. 14) .
Nevertheless, neutrino lines do not appear alone. They are accompanied with cosmic-ray signals at a similar production rate. These cosmic rays are mostly charged leptons (see Figs. 8 and 12) . A continuum of gamma rays is also produced from other annihilation channels (see Fig. 9 ). Therefore, charged-lepton and gamma-ray limits on DM annihilations indirectly constrain neutrino lines. For instance, models F 1−4 predict an equal flux of charged leptons and neutrinos. Thus, the annihilation cross sections into neutrinos must be below the existing upper bounds on the corresponding cross section for charged leptons. In fact, for F 1 and F 2 , the possibility of observing a neutrino line could be excluded by a slight improvement of the charged lepton bounds. Alternatively, a neutrino line can potentially be discovered if neutrino telescopes reach the charged-lepton sensitivity. This seems feasible for DM masses above few TeV. If a neutrino line is observed there, the unavoidable corresponding flux of charged leptons must also be observed. A similar conclusion arises for models F 3 and F 4 . In contrast, models S r 1 and F m 1 as well as the low-scale scenario S 1 do not lead to a flux of charged leptons equal to that of neutrinos, and are therefore less constrained.
From the results obtained, it turns out that only very few models with specific mass and interactions could lead to an observable neutrino line from DM annihilations (unlike for decaying DM [5, 47] ). In this sense, one could argue that we would be lucky to observe such a signal in the near future. On the other hand, as there are very few models and since they lead to different annihilation cross sections into neutrinos and cosmic rays, the observation of a neutrino line would point out towards DM candidates with specific properties.
Complementary information to discriminate the origin of the neutrino line is provided by the flavor composition of the neutrino flux. The models studied in this work produce lines of three different types: flavor democratic (associated to a Z boson in the s-channel), flavor eigenstates (such as those associated to the t-channel exchange of a mediator) and mass eigenstates (from the s-channel exchange of a scalar with Y = 2). In particular, in the latter case and for a normal hierarchy, neutrino lines may possess a unique flavor composition that astrophysical neutrinos cannot. This is illustrated in Fig. 15 .
Even though our conclusions are fairly general, they are still model dependent because they are based on a set of simple assumptions. In Section VII, we have gone beyond our minimal assumptions and discussed more general cases. Finally, we have also considered line-like features in Section VIII. In particular, we have discussed bremsstrahlung and boxed-shaped features, which mimic neutrino lines, given the current sensitivity of neutrino telescopes. In Fig. 20 , we have presented limits on annihilation processes with these spectra using IceCube data.
As a closing remark, we would like to encourage experimentalists to study the multi-TeV region. There is no reason not to consider DM annihilations above 10 TeV, although it has often been the case. In fact, as far as annihilating DM is concerned, it is in this region that simple models leading to neutrino lines can be probed best with neutrino telescopes. Furthermore, for such masses colliders can not probe the models presented in this work. For instance, for those where DM belongs to a triplet, the most important bound is currently given by ATLAS, which only excludes DM masses below 0.27 TeV [78] . The Sommerfeld enhancement in DM annihilations is a non-perturbative effect arising when the DM particles are non-relativistic and are able to exchange lighter particles that induce a long range force that modifies their wave function, and therefore their annihilation cross sections. In this appendix, we discuss such effect in detail for Dirac triplets at the TeV scale. In that case, DM belongs to the SU (2) L triplet representation ψ = (ψ 
with α 2 = α/s 2 W . This potential is valid for any spin configuration of the annihilating DM pair, that is, for both S = 0 and S = 1. This is in sharp contrast to self-conjugate triplets, also called Winos, because in that case the state symmetrization induces different potentials for S = 0 and S = 1 [79] .
The Sommerfeld effect is encoded in a matrix g(r) that satisfies the Schrödinger equation [80] 
where v is the relative velocity between DM particles and m DM is their mass. Moreover, δm is a diagonal matrix whose entries are the mass splittings between the charged particles and the DM. For Dirac triplets, the splittings between the different components appear radiatively after electroweak symmetry breaking. For TeV DM [28] 
The other boundary condition is g(0) = 1 1. A rigorous derivation of these boundary conditions is given in Ref. [80] .
is the only non-zero row of the matrix g(r) after factorizing out the out-going wave describing the DM pairs at infinity. Notice that the potential in Eq. (A1) gives rise to d + = d − . In terms of d factors, the s-wave cross section for a pair of DM particles in the configuration with total spin S annihilating into a two-body final state ab reads σv
where Γ ab are the annihilation matrices. Electroweak interactions alone induce annihilations into SM particles, whose corresponding annihilation matrices are given by 
The annihilation matrices for each spin due to electroweak interactions are then 
(A7)
Relic density in the electroweak symmetric phase
Calculating the relic density also requires to take into account the Sommerfeld effect in the early universe. This was first shown for supersymmetric triplets in Ref. [79] (see also Refs. [29, [81] [82] [83] [84] [85] ). A priori, such an effect can play an important role for very heavy DM candidates, well above the electroweak scale. In such case, it is justified to work in the electroweak symmetric phase [29, 30] , in which v EW is set to zero and therefore there is no mass splitting in Eq. (A2), nor gauge boson masses in Eq. (A1). In fact, in that limit, Eqs.(A1),(A5) and (A6) can be simultaneously diagonalized by the matrix 
As a consequence of Eqs. (A9), the Schrödinger Eq. (A2) in the isospin basis reduces to one-dimensional equations with a Coulomb potential. The Sommerfeld effect is known analytically for those cases and is given by σv I,S = S(2πα I /v)Γ I,S , with S(t) = t/(e t − 1) .
Here, Γ I,S and α I /r are respectively defined as the eigenvalues of the annihilation and potential matrices for a given total spin S and isospin I. . Notice that they must not depend on m I because of isospin invariance. These definitions are particularly useful in the early universe, where the effective cross section that takes into account co-annihilations simply reads σv eff = 1 9
I,S (2I + 1)(2S + 1)σv I,S .
The factor of 9 = 3 × 3 = I = 1 + 3 + 5 in the denominator is the total number of co-annihilating pairs. We will now consider the thermal average of σv eff , which is given by σv eff = 
which gives m DM ≈ 2 TeV ≈ 2.8/ √ 2 TeV. This must be compared with Wino DM (a Majorana triplet at 2.8 TeV) when the Sommerfeld effect is taken into account in the early universe [79] .
As a further example, we now consider model F 2 in which not only electroweak interactions contribute to the annihilation matrices but also those induced by Eq. (7). The total annihilation matrix into leptons αβ (Γ .
If we neglect the last term in Γ I=1,S=1 , corresponding to the interference and generally subdominant, we obtain Γ I=0,S=1 = 2σv 0 and Γ I=1,S=1 = 4σv 0 /3, where σv 0 was defined in Eq. (11) . This allows to obtain the formula σv 0 
In spite of the many details that go into this formula, the physical picture is clear. The cross section σv 0 is given, up to an overall factor related to co-annihilations, by the typical effective cross sections at freeze-out for Dirac DM [40] minus the DM annihilation cross section into other states induced by the electroweak interactions of the triplet.
Similarly, for F 1 we find σv 0 
We would like to remark that there is another piece of the potential associated to the exchange of scalar bosons. We neglect such contribution here because it is proportional to v In this work, we use Eq. (B5) in order to calculate cross sections . For the case of neutrino final states, we report the relevant annihilation matrices in the text, while for the case of final states with SM bosons (W W , ZZ, γZ, hh) we use the expressions reported in Ref. [33] .
The only model in Table I involving doublet scalar DM and passing all the constraints is S r 1 . As for Dirac triplets, we can work in the symmetric phase in order to calculate the relic density constraint. For doublets we can neglect the Sommerfeld effect [33, 79] but not the co-annihilations. Moreover, we note that Eq. (18) has only two non-vanishing eigenvectors with the same eigenvalue, which correspond to the isospin triplets with hypercharge Y = ±2, as expected for the exchange of T 2 on the s-channel. Then, generalizing the notation of Appendix A (or following Ref. 
Here, the factor 4 2 comes from the fact that there are four particles annihilating H 0 , A 0 and H ± , and the global factor of 2 is analogous to the one in Eq. (B5). This implies 
